In this study, a compact synthetic jet generator using electromagnetic micro flap actuator as a driving mechanism is developed and tested. Firstly, the effects of flap's width and length on static and dynamic responses of the driving mechanism are numerically investigated. The results show significant effects of the flap length rather than width. In experiments, the electromagnetic micro flap actuators are fabricated, and the static and dynamic responses for 3 mm wide flaps with 6 and 7 mm long are examined using a high resolution photographing technique and capacitance probe. The significant differences in their static and dynamic responses are observed as expected. After assembling the electromagnetic flap actuator to the synthetic jet generator, its generated jet velocity is examined using CTA anemometer. The maximum jet velocity of 0.6-0.8 m/s at 2 mm downstream from its orifice is obtained at about 600 Hz driving frequency, and no significant effect of driving signal shape, namely sinusoidal and square signals, on the jet velocity is observed. In addition, the jet velocity is comparable to a synthetic jet generator driven by a diaphragm actuator.
Introduction
Free shear flows are known to be characterized as frequency selective, non-linear amplifiers to small external forcing at a given frequency.
(1) Such external forcing, if applied appropriately, can result in a drastic change in flow characteristics while consuming only small amount of energy. This suggests that micro actuators have a potential to be used for actively controlling these flows.
(2), (3) As a result, in the last few decades, active flow control using micro actuators has received a lot of attention, and many researchers have successfully demonstrated using micro actuators to manipulate various kinds of flows. For examples, Huang et al. (4) developed an electrostatic comb-drive actuator for controlling screech noise of high-speed jets, Grosjean et al. (5) microfabricated pneumatic balloon actuators for aerodynamic control of a delta wing, and Liu et al. (6) employed micro flap actuators to control flow separation on a small airplane.
However, micro actuators are still inapplicable for the direct employment in real uncontrolled harsh environments due to their sophisticated designs and fragility. To solve such problems, several researches, for example, Mallinson et al., (7) Liang et al., (8) and Pimpin et al., (9) have employed micro diaphragm actuators as a driving mechanism of a synthetic jet generator. In these synthetic jet generator configurations, the micro diaphragm actuators are mounted in a cavity beneath an orifice, and protected from the environment as shown in Figs.
(a) and (b).
There has been a lot of research work investigating the design parameters of the synthetic jet generator that affect jet formation and jet velocity.
(10)- (13) Two key parameters of the synthetic jet generator that can produce high speed jet are fast response and large volume stroke of the driving mechanism. However, in a small scale, producing the large volume stroke resulting from a large deflection of the mechanism is obviously difficult, especially in the case of the diaphragm actuator. (14) - (17) In order to achieve the large deflection from the diaphragm actuator, Reference (9) employed a diaphragm electrostrictive actuator with sophisticated ring electrodes, but this attempt has to sacrifice actuator's robustness and its fabrication becomes very difficult. On the other hand, for less deformable diaphragm actuator, larger size of the actuator is required to achieve the desired amount of volume stroke as well as jet velocity. From those reasons, this study attempts to employ another configuration of the driving mechanism rather than the conventional diaphragm for synthetic jet generator. This solution might be more applicable and help accelerating the progress of flow control technology development. In this work, the employment of an electromagnetic micro flap actuator is proposed as the driving mechanism because electromagnetic flap actuators are well known for their fast response, large sweeping volume stroke, simple structure, and robustness. (18) - (20) Design methodologies and fabrication process of the synthetic jet generator driven by the electromagnetic micro flap actuator will be presented. Later on, the investigations of static and dynamic responses of the desired micro flap actuator, and the measurement of jet velocity generated from the fabricated synthetic jet generator are performed. 
Synthetic Jet Generator
Unlike past work which most driving mechanism is a diaphragm, the electromagnetic actuator presently employed for the driving mechanism of synthetic get generator is in a flap configuration, like a cantilever beam, as shown in Fig. 2 . The polymer flap with a patterned micro coil is elastically bent by electromagnetic force exerting on the coil due to flowing current and a cylindrical permanent magnet placed underneath. The design is based on the research of Ref. (19) , but the hollowed section at the fixed end is removed to increase flap's stiffness, subsequently resonant frequency. Polyimide (PI) and copper (Cu) are chosen as materials of flap and coil, respectively, because these two materials are well compatible with micro fabrication process.
The fabrication starts with a coating of photoresist dry film on a two-layer PI-Cu sheet with 25 µm PI thick and 35 µm Cu thick. Consequently, the photoresist is exposed to UV light following by a patterning of the photoresist. The Cu square coil is then formed with Ammonium hydroxide etching at 40 o C for 6 min. Later on, all photoresist is released with Sodium hydroxide solution. Fabricated micro coils shown in Fig. 3 (a) have a width of 280±5 µm with the total resistance of about 0.5 Ω. For response tests, the PI-Cu sheet is cut into an individual flap, and, after fixing one end of the flap to a surface with acrylic glue, a set of wires is soldered onto Cu pads. To protect the electrical connection, insulating silicone is successively coated onto the pads as shown in Fig. 3 (b) . For a synthetic jet generator test, the generator is built using the developed electromagnetic flap actuator as the driving mechanism. Two plastic plates with one aluminum plate are combined to form an actuator's cavity as shown its schematic illustration and prototype in Figs. 4 (a) and (b) , respectively. The flap actuator is fixed on the top aluminum plate while the center of copper coil is aligned to an orifice drilled on the aluminum plate. After connecting lead wires to both ends of the copper coil, insulating silicone is used to fix lead wires and fill the cavity. Finally, three metal plates are tightened together, and the cylindrical magnet is placed underneath the cavity. 
Effects of Flap Width and Length
The effects of flap's width and length on the tip deflection and resonant frequency are investigated using electromagnetic force and composite beam model as shown its configuration in Fig. 5 . The electromagnetic force (N) exerting on the coil is approximated as
F=iBl,
(1) where i is electric current (A), B is magnetic field (Tesla), and l is an effective coil length (m). With our proposed configuration, the net electromagnetic force is generated by the magnetic field in a radial direction of the cylindrical magnet.
Tip deflection of the composite flap is calculated using a cantilever beam model, and it is approximated to (19) 
where y is a deflection displacement of flap tip (m), L is a distance from the fixed end to the center of the coil (m), E is Young's Modulus of materials (N/m 2 ), and I is moment of inertia of each section (m 4 ). Subscripts f and c are flap and coil, respectively. Resonant frequency of the composite flap is also given as
where λ (=1.875)  is a vibration coefficient in air, W is a flap width, ρ is density of material (kg/m In this model analysis, Cu coil's width is kept constant at 300 µm. In addition, the dimension of the square coil is equal to the flap width for all cases. According to the effect of electromagnetic field, we employ a long cylindrical permanent magnet with 3,500-Gauss magnetic flux density. The magnet diameter is kept equal to the square coil dimension while the cylindrical magnet's length is two times of its diameter. Moreover, all flaps are placed at the same distance away from the magnet, ten percent of the magnet diameter, and the center of the Cu coil is always aligned above the magnet. To calculate the electromagnetic forces exerting on the coil, the magnetic field above the magnet in both longitudinal and radial directions is computed using FEM software. Interestingly, at the distance ten percent of the magnet diameter above the magnet end-surface, the magnetic field in radial direction reduces about half from that at the magnet end-surface.
With the conditions mentioned above, Figures 6 (a) and (b) show the estimated tip deflection of the flap actuator by Eq. (2) for various flap's widths and lengths when the current of 0.5 and 1.0 A are applied. For the case of 0.5 A, the tip deflection increases with the increment in length when the width is kept constant. On the other hand, for any flap's length, the tip deflection increases with the increment in flap's width until a maximum value. When the width is increased beyond that value, the tip deflection starts decreasing. It shows that the increment of width has two counter effects. When the width is small, although the moment of inertia is small, the magnitude of electromagnetic force is still small leading to a small tip deflection. On the other hand, when the width is large, although the electromagnetic force is relatively large, the moment of inertia becomes relatively large as well leading to a small tip deflection similarly to the previous small width condition. For the case of 1.0 A, the similar tendency is obtained, and the tip deflection becomes twice that of 0.5 A. Figure 7 shows the resonant frequency of the flap actuator at various widths and lengths estimated by Eq. (3). From Eq. (3) and Fig. 7 , it can be seen that the flap width has relatively smaller effect on resonant frequency than the flap length. For a fixed length, the width can be increased, e.g., by a factor of four, without affecting the resonant frequency too much as it decreases by approximately only ten percent. On the other hand, for a fixed width, small decrement of the length can cause significant increment of the resonant frequency.
From the computational results, the flap actuator with a length and width of 6 x 3 mm 2 is chosen for the response and synthetic jet generator tests in order to provide both relatively large deflection and high resonant frequency. Then, the assembly of the fabricated flap with 3-mm cylindrical permanent magnet is performed. The current minor problem is a bending of the flap actuator due to internal stresses. The flap tip is measured to stay above a surface about 0.5-0.8 mm at its neutral position. Another key issue is assembly precision. With this previously mentioned installation technique, the precision in assembly is about 0.5 mm thus the flap length might be unintentionally varied between 6 ± 0.5 mm in the experiment.
Experimental Results
Due to the poor precision of assembly as mentioned above, the flap's responses might significantly change due to a slight deviation of flap's length. The effects of the flap's length on the responses are then investigated. In this study, the experiments using 3 mm wide electromagnetic flaps with two lengths of 6 and 7 mm are performed.
Static Response
After applying constant direct current DC, the static deflection is measured by photographing technique. Images of the actuator before and after applying DC are taken with a high-resolution digital camera (1984x1360 pixels). Two images are compared and the tip deflection is then calculated. With this system, the measurement accuracy is approximately 
±50 μm.
The relationship between the actuator's averaged tip deflection and the applied current is shown in Fig. 8 . From its neutral position, the actuator can deflect in both directions depending upon the direction of the current. The deflection is considered positive when the actuator deflects away from the magnet, and vice versa. From the figure, it is found that, as the actuator deflects away from the magnet, the sensitivity decreases and the deviation of the measured tip deflection from the model given by Eq. (2) increases. This gives an indication of a decreasing in the magnetic field when the actuator moves away from the magnet. The averaged deflections for 6 and 7 mm long flaps are significantly different, and they are approximately equal to +0.25 and +0.45 mm, respectively, at DC of +1.0 A. 
Dynamic Response
Dynamic deflection is examined when sinusoidal and square alternating current AC signals are applied. The amplitude of the driving signal in the experiments is regulated at ±0.4 A due to the limited range of the measurement instrument. Capacitance probe (Lion Precision) with the sensor size of 3 mm in diameter is used to measure the averaged deflection in the distance range of 500 ±250 μm from the probe tip. The deflection signal at sampling rate of 20 kHz is compared to the driving voltage signal to measure lag time. For the measurement system, the resolution of the deflection is ±0.1 μm and that of the lag time is smaller than ±0.05 ms. Figures 9-10 show the deflection of the 6 mm long flap at different driving frequencies when the driving voltage is sinusoidal and square signal, respectively. In these figures, the deflection is normalized with the amplitude at the applied frequency of 30 Hz, and the driving voltage is normalized with its amplitude as well. For the sinusoidal signal, the amplitude is constant and the phase lag is approximately equal to zero when the driving frequency is low (Fig. 9 (a) ). When increasing the driving frequency beyond 300 Hz, the deflection and phase lag increases (Figs. 9 (b) and (c) ). Until in the range beyond the resonant frequency of about 1.0-1.2 kHz, the deflection becomes out-of-phase with the driving signal and its amplitude drastically drops (Fig. 9 (d) ) as expected.
For the square signal, the deflection obviously differs from that of sinusoidal driving signal in low driving frequency range ( Fig. 10 (a) ) in which a large oscillation is induced and superimposed on the regular deflection. In addition, the amplitude of regular deflection is larger as well. The oscillation gradually decreases when the driving frequency becomes higher ( Fig. 10 (b) ). However, in the frequency range between 600-1,000 Hz, the deflection characteristics become similar to those when sinusoidal voltage applied although the amplitude of deflection is still larger (Fig. 10 (c) ). When the frequency is increased beyond the resonant frequency, the deflection also drastically drops and becomes out-of-phase ( Fig.  10 (d) ) as expected. Figure 11 shows gain and phase lag of the micro flap actuator when the sinusoidal AC applied comparing between 6 and 7 mm long flaps. Gain is defined as the dynamic deflection at a driving frequency normalized by that at 30 Hz, while phase lag is the lag angle of the deflection signal from the driving voltage signal. For both flap lengths, the gain gradually increases when the driving frequency is increased until the driving frequency is close to its resonant frequency. At the resonant frequency of about 1,000 and 400 Hz for 6 and 7 mm long flaps, respectively, the gain increases two or three times more rapidly. Beyond the resonant frequency, the gain decreases rapidly as well. According to the phase lag, it gradually decreases until the driving frequency is close to the flap's resonant frequency, and then becomes out of phase (-π) when the driving frequency is beyond the resonant frequency.
This shows the significant effects of flap length on the resonant frequency as the resonant frequency reduces two times when the flap length increases from 6 to 7 mm or only about sixteen percent increment. It is also found that, from tested actuators with the same dimensions, the resonant frequency insignificantly changes among them, but the gain may differ by two times at the resonant frequency. In addition, the effect of the flap installation, specifically, clamping and gluing, on flap's resonant frequency is also investigated. However, no significant effect is found.
From the experiments, it can be concluded that the resonant frequency significantly changes with the flap's length. According to the shape of driving signal, its effect on the motion of flap is strong at low frequency, but becomes slighter when the driving frequency is close to the flap's resonant frequency. However, the square driving signal tends to provide larger deflection at the same driving voltage amplitude and frequency.
Synthetic Jet Velocity
After assembling the synthetic jet generator, CTA anemometer with hot film sensor dimensions of 1xφ 0.2mm is used to measure spatially-averaged streamwise jet velocity at about 2 mm downstream from the orifice. The amplitude of the driving signal is ±1.4 A that is the maximum current of the driving system. In this experiment, the overall cavity has an approximate dimension of about 4x7x1.5 mm 3 , and the orifice is 1 mm long with 0.5 mm in diameter.
From the experiments, the instantaneous jet velocities at various driving frequency for the sinusoidal and square signals are shown in Figs. 12 (a) and (b) , respectively. The formation of jet is clearly found in the range of driving frequency about 500-620 Hz for both driving signals. The maximum jet velocity for the sinusoidal driving signal is 0.6 m/s at 600 Hz while that for the square driving signal is 0.8 m/s at 620 Hz. The similar characteristics of jet velocity for both driving signals are observed, and it might be a result of the similar deflection characteristics of the flap as shown in the previous section at high driving frequency. In addition, the obtained jet velocity from the present experiments is compared to the previous experimental results of Ref. (9) . The jet velocities and important specifications of both works are summarized in Table 1 . From the table, when comparing with Ref. (9) , the present developed synthetic jet generator provides comparable jet velocity even though the flap actuator has larger sweeping volume stroke. Although the verification is not done, the slow jet velocity might be a result of flow recirculation inside the cavity through the relatively large gap, approximately 0.2-0.5 mm, between the flap's edge and cavity wall. However, the jet velocity might be successfully increased if the cavity dimensions are manufactured more precisely and the gap is reduced.
According to the applications of this slow speed synthetic jet, it is feasible to apply for a low speed flow such as heat transfer or mixing enhancement in micro channels (21) or on a surface of small electronic component. (22) , (23) For these two applications with some constraints, the actuator should not be exposed to an environment as well. For example, biological particles should not be directly contacted to the actuator since they might be destroyed from the induced relatively high pressure. However, the exerting pressure on biological particles can be reduced as well as an adsorption problem is avoidable with the deployment of actuator in the synthetic jet configuration. Another benefit when the synthetic jet generator is used for creating jet cooling in electronic industry is a prevention of contamination and electrostatic charging. The driving actuator and electronic components are mostly separated by a wall as a result of less chance of those two problems. 
Conclusion
In this study, the synthetic jet generator with electromagnetic micro flap actuator as a driving mechanism is developed. The effects of flap's width and length on a deflection as well as resonant frequency are numerically and experimentally examined. From model analysis, it is found that the length of flap has relatively more significant effects on the deflection and resonant frequency than the flap's width. Later on, Polyimide flaps with patterned copper micro coils are fabricated with micro fabrication technique. In experiments, the specific length of 6 and 7 mm flaps with 3 mm wide are tested. From static response experiments, at DC of 1.0 A, the static deflection is about 0.25 and 0.45 mm, respectively, for 6 and 7 mm long flaps. Furthermore, from dynamic response experiments, the resonant frequency for 6 and 7 mm long flaps is approximately 1,000 and 400 Hz, respectively. According to the motion of the flap, it significantly depends on the driving electrical signal shape, namely sinusoidal and square signals, only in low driving frequency range while the effects become less when the driving frequency is close to the resonant frequency of the flap actuator. The 6x3 mm 2 flap actuator is then employed as the driving mechanism of synthetic jet generator with 0.5 mm orifice. Although the flap actuator has very large sweeping volume stroke, it is found that the maximum jet velocity is quite low of 0.6-0.8 m/s at 2 mm downstream from the orifice at the driving frequency of about 600 Hz. In addition, no significant effect of driving signal shape is found. This slow jet velocity might be a result of relatively large gap between the flap's edge and cavity wall. However, when comparing to previous work that employed a diaphragm actuator as the driving mechanism, the jet velocity is comparable.
